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by
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Abstract

The dark conductivity of CdS as a function of the sul-
fur vapor pressure 1ls investigated during heat treatment in a
temperature range 500O < TK 700°C. The pressure dependence
follows J ~ ps'l/m with m = 4x, 4 being the average number of
sulfur atoms per molecule. For 500° ¢ T < 525°¢, x = 3, for

525° ¢ T ¢ 630°C, x = 1 and for 630° < T < 700°C, x = 1. These

results are explained by thermodynamic disorder and a Cd-rich
nonstoichiometric equilibrium below 525°¢, Schottky-Wagner
disorder most probably is dominant above 525°C. The energy
of doubly ionizing a sulfur vacancy is E, - EVé = 0,48 ev.

Es wurde die Dunkelleitfdhigkeit von CdS als Funktion des

Schwefeldampfdruckes wihrend der Temperung zwischen 500° und
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700°C untersucht. Der Dunkelstrom genlligt j ~ ps_l/m mit

m = 4x, wobel £ die mittlere Anzahl von Schwefelatomen per
Molekll ist. Es wurde gefunden, dass x = 3 fir 500° < T < 525°,
x =1 flir 525° < T < 630°C und x = 3 flir 630° < T < 700°C ist.
Die Ergebnisse wurden durch Thermodynamische Fehlordnung und
durch Cd - Uberschuss-nichtst8chiometriscnes Gleichgewicnt
unternald 525°C erklirt. Schottky-Wagner Fehlordnung ist
n8chstwanrscheinlich obernalb 525°C vorherrschend. Die Energie
zur zwelfachen Ionisierung einer Schwefellllcke Ec - EVé ist

0.48 ev.

1. Introduction

For obtaining contributions to the understanding of the
intrinsic defect structure of CdS, neat treatments of these
crystals in Cd- or S- vapor have been performed and connected
changes in the dark-conductivity, photo-conductivity and lum-
inescence have been studied.

Objections were made to earlier experiments, in which
the treatments were conducted at relatively hilgh temperatures
( T > 800°C ) and the crystals cooled very rapidly,in an attempt
to freeze-in tne presumably equilibrium-state at nigh temper-

aturesl. Most objectionable is the fact that different defect-
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chemical reactions have a different freezing-in temperature,

and during cooling there will be a separation of these freezing-
in temperatures. Therefore, to the frozen-in state, one cannot
assign one equilibrium temperature for processes activated at
the treatment temperature, - besides the fact that freezing-in
temperatures will be, possibly considerably, below the treat-
ment temperature and are unknown,

In order to investigate the problem of shifting the
stoichiometry under different conditions, mcre recently elec-
trical measurements and vapor treatments have been performed
simultaneously2’3. Tne difficulties here lie in the fact that
- intentionally - one has to work with a system which is not 1n
complete thermodynamic equilibrium. The electrode-CdS system
has to stay frozen-in, while, hopefully, the vapor-CdS system
is at equilibrium.

Unfortunately no electrode material is presently known
which does not diffuse into the CdS or is attacked by the
corrosive Cd- or S~ vapor at temperatures at which one can be
reasonably sure that otherwise equilibrium can be achieved
within a "laboratory time span", e.g. one hour. From treat-
ment experiments without electrodes it is known that one has
to go above 800°C in order to obtain certain changes in elec-
trical or optical properties of CdS after one hour treatment

and rapid cooling. On the other hand electrical measurements
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during S- treatments have been made only up to 572°C due to
electrode problems.

These experiments were encouraged by the fact that at
these temperatures rapid changes 1in electrical conductance had
been observed. A quantitative analysis of the time dependence
of the current after rapid changes of the vapor pressure2 in-
dicated that the observed effect cannot be explained only by
a change at the surface, but that some diffusion through the
entire crystal must take place. A time constant for this
diffusion of less than an hour has been reportede.

The observation of "diffusion-time constants" of the
same order of magnitude (recently supplemented by direct tracer
analysisa’s) at temperatures between 550° and about 900°C in-
dicates that obviously different processes for diffusion must
be involved which are activated at different threshold temper-
atures,

In order to contribute Information to this question
S~ vapor treatments and simultaneous electrical measurements

were extended over a larger temperature range.
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2. Experimental Method

"Undoped" CdS single crystal platelets, obtained by
sublimation of CdS powder in an N2 - HéS atmosphere at about
IOOOOC, were used. For lower temperature treatments, evapor-
ated Au and Au covered with Pt electrodes were employed. Two
small electrodes between the current electrodes were applied
for potential probing (elimination of barrier layers). At
temperatures above 600°C the electrodes started to diffuse
rapidly into the crystal. Here Au-wire point contacts were
used which gave useful results up to treatment temperatures
of 700°C after "formation" with a current pulse (10 ma) at
about SOOOC. Again four point probing was used, The results
with Au-point contacts agree reasonably well with the results
obtained with evaporated Au-layers at lower temperatures as
long as the crystal was not subjected to a treatment above
650°C for an extended period of time.

For the treatment a two vessel, two oven arrangement
in vertical alignment as given in Figure 1 was used. In the
lower oven the temperature and consequently the vapor pressure
of the sulfur was adjusted. The upper vessel contalned the
CdS platelet and was connected by a 2mm dlameter capillary with
the lower vessel. Both quartz vessels were thermally shielded

with fibrofax from each other. The temperature was measured
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inside both vessels with two Pt/Pt-Rh thermocouples, enclosed
in quartz capillaries. The crystal was mounted on a quartz
plate with the aid of quartz springs and Au-wire. The wire
feedthrough was initially sealed with torrseal and during the
measurements permanently sealed with distilled sulfur, naving
in equilibrium, automatically, a surface temperature Ts equal
to the temperature in the sulfur vessel.

The sulfur used was 99.999o o pure and carbonydrate-
free, vacuum-distilled in the vessel. Before sealing the
vessel, 1t was outgassed and evacuated to lO-6 torr.

The current through the crystal and both probe poten-
tials were contlnuously recorded.

Due to difficulties with electrodes only a few treat-
ments could be made per crystal. As soon as lower temperature
conductivities became not reproducible or the potential probes
indicated excessive barriers, the crystal was discarded and
the measurement continued with a new crystal. Ten crystals
were used for the measurements reported here; all of them

showed a surprisingly similar benavior,
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3. Experimental Results

The CAS crystal was heated to the desired treatment
temperature TCdS and the sulfur vapor pressure Pg adjusted to
about 10 torr by choosing the proper Tst After reaching a
stationary dark current, TS was increased to provide the next
sulfur vapor pressure point etc. After reaching the highest
S~ vapor pressure (always TS < TCdS)’ TS was lowered again and
the deri current measured with decreasing Pge A slight nhystere-
81s wes sometimes observed and gave an indication as to how
far stationartiy was reached during measurements., If lower
temperatcirs currents 4id nct sgree well enough with previously
obtained values, t.is indicated eleztrode difficulties and the
crystal was discarded.

Figere 2 shows a typical set of curren®t vs. sulfur
vapor pressure curves obtained at different zrystal t=omperatures.
At low crystal temperatures in many crystals the current does
not change with sulfur varpor pressurs below about 102 torr,

Very probably deofects alrzady present in the crystal, e.g.
impurities, mask the influences of the sulfur vapor treatment.

At sulfur vapor pressures above lO2 torr a decrease of the

dark current J with increasing Pg according to

J ~ pS—l/m (l)

has always been observed.

For S-sealing, as described above, a short initial "treatment"
at high S-pressure (about 1 atom) was done,
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At low treatment temperatures tne slope 1/m was in
general quite small, at intermediate temperatures much larger
and at high temperatures again very small. Figure 3 summarizes
the experimentally obtained m-values of different crystals and
runs as a function of the CdS treatment temperature.

The long relaxation time in thne 'I'S furnace prevented a
reliable determination of the time-dependent current after

"abrupt" changes in the sulfur vapor pressure.

4, Discussion

A simple mass reaction analysis, assuming thermodynamic
equllibrium between the sulfur vapor and a certain type of
electrically active defect 1n the bulk of the crystal, e.g. a
sulfur vacancy, acting as a donor and being progressively
annihllated with increasing Pg yields a relationship

n ~ pg 1/0x (2)

£/
between the electron density n and the average length 4 of a
sulfur molecule, x being 1, 3/2, 2 or 3 for relatively simple
processes and reflecting the type of reaction kinetic equilibri-

um,

Assuming J/AV ~ n (no major influence of sulfur treat-




-9 -

ment on the mobility) tne results shown in Figure 3 suggest

that the treatment temperature be divided into three ranges:

500° < Tggg < 525%C, 525° < Teas, < 630°C and 630° < Toas, < 700°C,

with a respective change of x in these three ranges from

Xx =3 tox =1 to x=3., This indicates a change 1n the aver-
age length of a sulfur molecule from about 8 at 500°C to about
5 at 700°¢C, values, which are slightly higher than given for
the superheated sulfur vapor6'8. Nearby liquid sulfur surfaces
at TS at the electric feedthrough seals may account for thnis
discrepancy.

For further discussions, out of many, more complicated
models, the most economical one will be chosen which can account
for the observed effects. For this it will be assumed, that
only single point defects contribute to the observed sulfur
pressure dependence of the dark current, an assumption which
seems reasonable in the light of a supposed bulk effect, since
diffusion of defect associates should be negligible at these
relatively low temperatures. Moreover, only interaction with
intrinsic defects will be assumed since tne investigated crystals
were "undoped", for undoped crystals the dark conductivity is
determined already at somewhat lower temperatures by self-

9,10

activated semiconductivity only » and, the observed behavior

was practically the same for all investigated crystals.
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A sulfur vapor treatment can, under the given assump-

tions, a) reduce the density of sulfur vacancies VS

b) reduce the density of cadmium interstitials Cdi (Tne intro-

s OT,

duction of a sulfur interstitial at the treatment temperatures

*
is neglected 1in agreement with the observations of Hall and

Wbodburyu’s). These reactions can be written as
Ls (gas) + V& = S (3)
A / S S

or
%'SL (gas) + Cdix # CdS (surface) (4)

The intrinsic defects can be supplied by Schottky-
Wagner disorder

VSx + VCdx ® ¢dS (surface) (5)

or by Frenkel disorder

X o X X
CdCd VCd + Cd1 . (6)

Tne vacancies and interstitlals can become singly or doubly

lonized

o

Moreover, only neutral sulfur interstitials can be accommo-
dated on interstitial sites and would not be observable with
electrical measurements reported nere.
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Vgt = Vet + e (7)
Vg BVt + 6 (8)
ca,* = cd,* + 0 (9)
Cd,* = Cd,** + 0 (10)
vcdlx = de' + ® (11)
Vog ® Vbd" + 9 (12)

These equations are connected by the quasi neutrality

condltion

n + [vcé] + e[vC;] = [vgl + 2[vg**] + [caj] + 2[caj*] (13)

Applying the mass action law to the reactions (3) - (12) one
obtains the following set of equations:

V"1 = Ky By /2 (32)

or

[ca,X] = k" ps;l/l (4a)

(Vg1 Vg1 = K, (5a)
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[ca, 1 Vg™l = Ky (62)
n Vgl = K, [Vg*] (72)
n [vs"] = Kg [vst? (8a)
n [cd,*] = Kg [cd,¥] (92)
n [ca,**] = Ko (ca,*] (10a)
n [Vpe®) = Kg [Vgq ] (11a)
n[Vey'l = Ky [Vgq ] (12a)

Since the activity coefficients K1 are exponential

functions of temperature, K, = K, . exp - (Ei/kT) with quite

i 1o
different Kio for the different reactions and with different
slopes Ei/k it 1s reasonable to assume that, at certaln tem-
peratures, only one density 1s dominant on both sides of the
quasi-neutrality equation (13). This dominance will not change
with Pgs since herewlith only relatively small changes in den-
sitles will be induced, Then one can equate these major
densities and can solve (3a) or 4a) and (5a) - (12a) for
n = n(pg).

Although the Kiis are not known and therefore it
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1s not possible to draw a Brouwer diagramll, one can, by
physical reasoning, easily discard all but one temperature
sequence for each model (3) or (4) out of the 12 possible,
simplified neutrality conditions.

To see this let us give the complete set of solutions

ns=#x pS"l/Lx (14)

The values of % and x are given in Table 1 for model (3)
and for model (4).

For both models an x sequence 3, 1, 3 requires pre-
dominant Cdi°‘ and VS" for x = 3 and the neutrality con-
dition No. 5 or No. 7 for x = 1.

For model (4) it seems reasonable to assume neutrality
condition No. 5 since here cadmium interstitials are assumed
to lnteract predominantly with the sulfur vapor. With in-
creasing temperature one would therefore expect that v.",

Cdi' and Cdi" are the most important defects in the three tem-
perature ranges lndicating a predominant Frenkel-disorder,
directly observable at higher temperatures and, at lower tem-
peratures the known nonstoichiometry (Cd surplus) located as
vacancies 1in the sulfur sublattice,

For the model of equation (3) neutrality condition
No. 7 would apply and the temperature sequence of predominant

defects must be written as Cdi", Vg®, and VS". This indicates
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predom;nant Schottky-Wagner disorder, observable at higher
temperatures and the low temperature nonstoichiometry located
in the Cd-sublattice as Cd-interstitials.

Although the later possibility seems to be more proba-
ble on the grounds of ease of diffusion (Cdi vs VS) and of
the energy of double ionization (E5 vs E7), with the experi-
mental results described here, the first explanation cannot be
completely ruled out.

However, taking the results of Boyn, Goede and Kuscnnerus3
into consideratlon, the second explanation seems even more
probable: With Cd-treatment more Cd interstitials are intro-
duced and the temperature range TCdS’ i1s wildened. The conduc-
tivity is increased, the Fermi-level shifted towards the con-
ductlion band and the crossover for Cd1° to Cdi"to become the
most lmportant defect* in the neutrality condition is also
shifted towards sligntly higher temperatures ( ~ 500°C 1n3
to < 500°C for S-treatments). Cd-interstitials determine the
"low temperature range" of Cd-surplus. Sulfur vacancles must
predominate at higher temperatures, -as shown above. Therefore,
in the untreated -or slightly sulfur treated crystal Schottky-
Wagner disorder is predominant above about 53000. For the Cd-

treated crystal (dependent on the Cd-vapor pressure) Cd-surplus

( Fgr the different)conclusion 1n3 a too simplified model
v + Cd,** ® cd is used.
Ccda 1 cd
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is increased and the Schottky-Wagner disorder range starts at
slightly higher temperatures.

From the transition temperature between temperature
range 2 and 3, T2,3 = 630°C, one can estimate the energy of

doubly ilonizing the sulfur vacancy. Here must [VS? (T2,3) ] =

12

[Vg®* (T,,3) 1. This requires™ that n = K5 or E(Vg°) =

Ep + kKT¢n2, with Ej the Fermi-level at 630°C, Using the
measured J (630°C), y = 50 (cme/Vs) and m ep = 0.2 m  one
obtains E, - E(Vs‘) = 0,48 eV, This energy i1s relatively small.
Moreover, all other lonization energies for intrinsic donors
must, according to the previous discussion lie at even smaller
values, This indicates that deeper trap levels observed in

CdS and connected with intrinsic defects must belong to defect
assocliates, e.g. divacanciles,

It certainly needs further experimental evidence to
substantiate this model, however 1t 1s remarkable that in re-
cent years more and more results for CdS seem to lndicate that
single defects, such as vacancles or interstitlals have already
at relatively low temperatures a high mobility and diffuse
markedly. Defect assoclates probably are one cause of a lower
than expected diffusion above 700°C and Cd-divacancles are one
example of such assoclates which are expected to be relatively
stable at these temperatures (the binding energy should be at

around 4 eV as obtained from an S5 molecule),
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Neutrality | % (3) éx(3)§ no (4) EX(4)
n=[cd, *] ! (K KsKe/Ky) /2 ' 2 (K" xg) '/ ol
n=2[cd, **] (2K1K3K6K7/ké)l/3 g 3 (2K*1K6K7)1/3 3
n=[v5"] (kK )M/ | 2 (K" KoKy /) M/ %é?
n=2[Vg"*] (2K1K4K5)1/3 3 (21{“11‘2‘{"4’{5/1{3)l/3 ;‘3
[v'cd]=[0d'1] (K12K4K8/K2)1/2 1 (K*21K6K8/K3)1/2 f/
[V’ gql=2lcd,**] (2K, "R Kk Kg/k,2) M3 30 1(2K*§K6K7K8/K3)1/3 %Zéz
[V g 1=V"] (K, PRy Kg /Ky ) /2 1 (K" KoKy Ke/K%) /2 %/
[V'éd]=2[VS"] (2K12K4K5K8/k2)1/3 3/2 (2K*§K2K4K5K8/K32)1/3 37

! 20" 41=lcd, "] (K12K3K6K8K9/2K22)1/3 3/2 (K*§K6K8K9/2K3)1/3 i2/2
[Voq"1=loag "1 | (K %KoKeRoKgko/K,2) Y | 2 (k" SRk gk /) /™ é;?
207" 14 1=[Vg"] g (K12K4K8K9/2Ké)1/3 3/2 (K*§K2K4K8K9/2K32)1/3 ;;;27
(V" g 1=V "] % (K, Ky KoKk oK)/ 2 é(K*§K2K4K5K8K9/K32)1/ﬂ%;2
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Figure 1.

Figure 2.

Figure 3.

FIGURE CAPTIONS

Treatment vessels and furnace,

1l: stalnless steel tube, 2: asbestos disk,

3: Mullite tube with Kantal winding,

4: asbestos board with Kantal winding, 5: Fibrofax
insulation, 6: asbestos box, T: €4S, 8: sioe-

spring, 9: thermocouples, 10: sulfur, 1ll: elec-
trical feedthrough, 12: O-ring seal.

Current at treatment temperatures TCdS as function
of the sulfur vapor pressure.

m (see equation 1) as function of treatment temper-
ature,
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